(1) In Calluna-dominated heathlands managed by periodic burning, vegetation composition is influenced by the ability of species to regenerate rapidly after a fire. Experiments were carried out, using a number of heathland species, (i) to investigate the effects on germination of exposing seeds to short periods of heat treatment and (ii) to determine the influence of fire temperature on vegetative regeneration.
INTRODUCTION
Periodic burning, as a means of managing Calluna-dominated heathlands, affects both the habitat and the composition of the plant community. A previous paper (Mallik, Gimingham & Rahman 1984) examined certain changes in surface-soil properties caused by fire. Community composition, however, may be influenced to a large extent by the ability of species to regenerate rapidly after the passage of fire; the germination of seeds lying at or near the soil surface may be affected by their exposure to relatively high temperatures, and the capacity of some species to regenerate vegetatively after a fire may be important.
A few of the most important heath species, such as Calluna vulgaris,t have been investigated in sufficient depth to identify -those aspects of seed germination, or of morphology and anatomy, which enable them to regenerate promptly after fire. In this paper we extend this enquiry to some of the other species, to gain a wider insight into the selective role of fire and the ways in which it controls the composition of a vegetation subjected to repeated burning.
Ecological effects of heather burning II MATERIALS AND METHODS
The species tested were among those occurring most commonly in the study-area at Dinnet Moor N.N.R., 50 km west of Aberdeen (National Grid Reference NO 436984), at an altitude of 180 m (see Mallik, Gimingham & Rahman (1984) for a description of the study area). Juniperus communis was included, as an example of a species present in the neighbourhood but not in the managed heaths.
Germination
Experiments were conducted to determine the effects on germination of short periods of heat treatment, such as might be caused by the passage of a heath fire.
In Experiment 1 seeds of each species were exposed to dry heat in an oven for 30 s, 1 min and 2 min at temperatures of 50, 75 and 100 OC; a total of nine treatments. Germination was recorded from duplicate samples of twenty-five seeds of each species kept moist in Petri dishes at 20 0 C. After 13 weeks any non-germinated seeds were kept at 0?C for 5 weeks and then tested for germination for a further 6 weeks at 20 ? C. In Experiment 2 seeds on moist filter paper in Petri dishes were initially kept at 0 0C for 12 weeks and the fully imbibed seeds were then given heat treatments, as in Experiment 1, but at 50, 100 and 200 OC for 1 min, 2 min and 3 min. Forty seeds of each species were then tested for germination at 20 ? C over a period of 21 weeks.
Surface sterilization was carried out before testing for germination, using a 5% solution of 'Domestos', followed by washing in distilled water. Control samples (not subject to the heat treatments) were tested for germination alongside the treated samples.
Vegetative regeneration
In Experiment 3 fifteen rooted individuals, as uniform in size as possible, of twelve species were lifted from the study area (or, in the case of Empetrum nigrum and Juniperus communis, from a locality at Cairn, Strathdon, Aberdeenshire) and planted immediately into wooden boxes, in their own soil. These were brought to Aberdeen and sunk in beds in the Cruickshank Botanic Garden. The plants were allowed to settle down for 3 months before the above-ground parts were burnt on 10 March 1980, using three fire temperatures, each applied to five individuals of each species: 400, 600 and 800 0C. The temperatures, which were maintained for about 2 min, were monitored with a chromel-alumel thermocouple in the middle of the bush or tussock, and controlled by varying the distance between the flame from a butane gas burner and the plant. During the growing season following the fire, and that of the subsequent year, the numbers of new shoots to appear, percentage cover of the regrowth, and plant height, were recorded, as well as the oven-dry weight of the above-ground parts at the end of the experiment.
In addition, morphological and anatomical observations were made on plants of a number of species excavated from the study area about the middle of the first growing season, following fires in March. Table 1 shows the final germination percentages obtained after 24 weeks (which included the 5 weeks at 0 ?C) following heat treatment of the dry seeds (Experiement 1). Analysis of variance indicated significant responses to the temperature of the treatments. For example, in Hypericum pulchrum, treatment at 100 OC resulted in germination percentages much greater than in any other treatment, or in the control. It also caused earlier and faster germination, and seeds treated at 100 0 C for 30 s and 1 min continued to germinate even during the 5-week period at 0 0C. Genista anglica showed a similar effect of treatment at 100 OC, at least for periods in excess of 30 s. Again, its germination rate was greater than in other treatments, notably from the third to seventh week. In the two Vaccinium species untreated seeds failed to germinate. Most heat treatments produced some germination in V. myrtillus, though the amount was irregular. Similarly, most treatments produced a little germination in V. vitis-idaea, but 98% resulted from subjecting the seeds to 100 0 C for 30 s, though none at all where the period of exposure was 1 min or 2 min. Seeds in the 100 OC, 30 s treatment showed a sudden flush of germination in the fifth week, and 98% was reached by the end of the ninth week.
RESULTS

Germination
While these-four species each displayed positive responses of some kind to high temperature pre-treatment, Agrostis canina, Erica tetralix and Lotus corniculatus showed no such effects; Agrostis canina had a high germination and the other two species germinated moderately in all tests including the control. Very little germination took place in Potentilla erecta and none in the other species tested: A rctostaphylos uva-ursi, Empetrum nigrum, Erica cinerea, Juniperus communis and Pyrola media.
In this experiment, seeds which had failed to germinate by the end of the thirteenth week were cooled to 0 OC for 5 weeks and then returned to 20 OC (p. 634). This brought about additional germination in Erica tetralix, irrespective of heat pre-treatment, and a slight renewal of germination in Genista anglica, mainly among seeds which had received the 100 IC pre-treatment. (These effects, however, are not detailed separately in Table 1 , which shows the percentage germination after the full period of 24 weeks.)
In Experiment 2 (Table 2) heat treatment was not given until after the seeds were fully imbibed and had been vernalized with a period of 12 weeks at 0 OC. Some of the species used in this experiment were the same as in Experiment 1, and some additional species were included. Germination was obtained in eight species, of which the three grasses (Agrostis canina, Deschampsia flexuosa and Festuca ovina) germinated even while under cold treatment and were not tested further (and are not included in Table 2 where seeds had been exposed to 50 0C for 2 min and second highest at 100 0C for 1 min. Furthermore, the proportion of seeds to germinate early was greater after all the temperature treatments, especially that of 50 OC for 2 min, than in the control. In Erica tetralix germination in all treated samples began earlier than in the control, although the final percentage in the control was higher. Also, its seeds exposed to 50 OC for 1 min and 2 min had a consistently higher rate of germination than where 100 OC had been applied for 3 min. As in Experiment 1, Vaccinium vitis-idaea failed to germinate in the control test, but all samples which had been vernalized had a high germination rate, apparently irrespective of heat treatment. The result for V. myrtillus is contradictory in that, unlike Experiment 1, germination in the control samples was high, but low in all treatments. In Erica cinerea the only germination was in vernalized seeds without any subsequent heat treatment.
Three of the species tested (Arctostaphylos uva-ursi, Empetrum nigrum and Juniperus communis) failed to germinate in both experiments. These had hard seed-coats and the only means found to induce germination was the removal of the seed coat.
Vegetative regeneration (Experiment 3)
Tables 3-6 give measurements of vegetative regrowth 17 months after treatment. The most susceptible to fire was Juniperus communis, which was killed by the 800 'C treatment and which made only feeble regrowth after exposure to 600 OC. However, following the 400 0 C treatment, although few new shoots were produced, these grew quite tall. All the ericaceous species, notably Erica tetralix, sprouted vigorously after burning. In all cases, however, recovery was least after the highest temperature and Empetrum nigrum in particular was adversely affected by treatment at 800 IC. In Erica cinerea and Vaccinium myrtillus there were suggestions of an inverse relationship between fire temperature and both regeneration and subsequent performance. Other speciesArctostaphylos uva-ursi, Empetrum nigrum and Erica tetralix-apparently responded most to the 600 0C treatment. Also, Succisa pratensis had consistently more regrowth following treatment at the two higher temperatures, than at 400 0C. In Genista anglica, Pyrola media, Vaccinium vitis-idaea and the two grasses, Deschampsia flexuosa and Festuca ovina, regrowth appeared, in general, to be unrelated to the fire temperature.
Whereas in Calluna vulgaris (Fig. 1) and Erica cinerea (Fig. 2) vegetative regeneration takes place from stem bases at or just above the ground surface, in E. tetralix sprouts appear also from rhizome-like parts of stems, below the ground surface. Although some protection from high temperature may be afforded by the relatively thick bark of the somewhat swollen stem bases and by accumulated litter or humus in the first two species, the greater depth of origin of many of the regenerating buds in E. tetralix may explain the differences in numbers and resulting biomass production found between the two Erica spp. (Tables 3-4) . Arctostaphylos uva-ursi (Fig. 3) and Empetrum nigrum share a creeping habit of growth, with parts of their stems becoming buried in leaf litter, etc. In E. nigrum, although the underground stems have some ability to produce new shoots, the more effective centres of regeneration are the younger parts of the stems, above the ground surface. This accounts for the damaging effects of high fire temperatures. Arctostaphylos uva-ursi is generally well supplied with dormant buds, often in clusters, on the older parts of the stems which may be well buried and insulated from the heat produced in fires. Field observations suggest that physical damage, whether from fire or trampling, may cause stem swelling especially near the plant centre, with the production of further bud clusters. This enhances its potential for regeneration if damage is repeated. However, as in other ericaceous species, the capacity for vegetative regeneration appears to decline with age. Both Vaccinium species are capable of regeneration from underground rhizomes. However, if the base of erect branches remalns alive, growth of their surviving axillary buds can occur. The fact that in Experiment 3 regeneration and subsequent performance of V. myrtillus was inversely related to fire temperature may relate to progressively greater destructive effects of the higher temperatures on the buds at the base of the above-ground stems.
After fire, new shoots in Genista anglica (Fig. 4) appear singly or in clusters from the stump or from surviving stem bases. The lack of obvious adverse effects of the higher temperatures in this species may relate, in part, to the thickness of its bark. (Fig. 5d) , Succisa pratensis and Viola riviniana are protected by leaf bases in a similar manner. Pyrola media also possesses rhizomes 2-4 cm below the surface. After fire, Succisa pratensis often produces several new apices from a single rosette.
A considerable number of other species which are frequent in the same community possess underground perennating organs which escape the effects of fire, and from which new vegetative shoots can develop quite rapidly under suitable conditions. These include Anemone nemorosa (Fig. 5a ), Campanula rotundifolia, Lathyrus montanus (Fig. 5b) , Lotus corniculatus, Potentilla erecta (Fig. 5c ) and Trientalis europaea (Fig. 5e) .
In Juniperus communis, the one markedly fire-sensitive species among those tested, observations suggest that growth can take place after the passage of fire only if some of the basal green branches remain alive. The bark on these branches is relatively thin, so that the damaging effects of the hotter fires are to be expected.
DISCUSSION
These experiments and observations confirm the view that in Calluna-dominated heathlands managed by regular burning, the chief ways in which fire controls community composition are (i) by the elimination of fire-sensitive species, and (ii) by selection in favour of plants capable of rapid post-fire regeneration, especially by vegetative means.
Apart from Juniperus communis, which does not occur in the managed heath, all the species investigated regenerate vegetatively at least to some extent, by one means or another, after burning at any temperature within the range 400-800 ?C. Their capacity to participate in a community subject to recurrent disturbance by fire derives to a large extent from a small number of morphological and anatomical features. Some species produce copious new shoots from the stem base at or near ground level, others from buds on creeping stems or protected within tillers or leaf rosettes. A further set regenerate readily from perennating organs below the surface.
Earlier studies have shown how these points apply to some of the most abundant species, e. suggested that this type of 'fire-adaptation' might have some ecological significance in heath communities. Indeed, the experiments described here point to two species-Genista anglica and Hypericum pulchrum-in which this may be the case while, in addition, there is some suggestion that in Vaccinium vitis-idaea a vernalization requirement may be over-ridden by a very short period of heating at 100 OC. Apart from these instances, however, there is little to indicate widespread 'fire adaptation' of this kind, and even in Calluna vulgaris relatively free and rapid germination was obtained without the intervention of heat pre-treatment. This is no surprise in view of the relatively short history of frequent burning in European heaths, compared to ecosystems in which 'natural' fire has been a factor for very long periods. Indeed, it is perhaps remarkable to find any species which seem to show a degree of fire-adaptation. More important, ecologically, is the capacity to germinate rapidly and establish large numbers of seedlings in the rather special conditions of the post-fire habitat.
A normal, controlled heathland fire produces temperatures which reach 400-600 0C in the Calluna canopy and are sustained for no more than about 2 min as the fire passes through the vegetation (Gimingham 1972) . At the ground surface the rise in temperature often does not exceed 100 OC. It is of interest that all the species tested (except Juniperus communis) regenerate vegetatively with vigour after burning at 600 0 C, while in most cases a temperature of 800 OC resulted in less recovery. Similarly, treatments at 200 OC, or for more than 2 min at 100 OC, either killed the seeds or reduced germination. The conditions imposed by periodic burning are reflected in the properties of the species which enable them to continue in the community. Any major departure from the normal management practice would be reflected quickly in the community composition, thus demonstrating the narrow boundary between effective management and mis-management.
